Context. Vela X-1 is the prototype of the classical sgHMXB systems. Recent continuous and long monitoring campaigns revealed a large hard X-rays variability amplitude with strong flares and off-states. This activity has been interpreted invoking clumpy stellar winds and/or magnetic gating mechanisms. Aims. We are probing if the observed behaviour could be explained by unstable hydrodynamic flows close to the neutron star rather than the more exotic phenomena. Methods. We have used the hydrodynamic code VH-1 to simulate the flow of the stellar wind with high temporal resolution and to compare the predicted accretion rate with the observed light-curves. Results. The simulation results are similar to the observed variability. Off-states are predicted with a duration of 5 to 120 minutes corresponding to transient low density bubbles forming around the neutron star. Oscillations of the accretion rate with a typical period of ∼ 6800 sec are generated in our simulations and observed. They correspond to the complex motion of a bow shock, moving either towards or away from the neutron star. Flares are also produced by the simulations up to a level of 10 37 erg/s. Conclusions. We have qualitatively reproduced the hard X-ray variations observed in Vela X-1 with hydrodynamic instabilities predicted by a simple model. More sophisticated phenomena, such as clumpy winds or the magnetic gating mechanism, are not excluded but not required to explain the basic phenomenology.
Introduction
Neutron stars or black-holes in high-mass X-ray binaries (HMXBs) accrete gas from the stellar wind of their massive, OB-type, stellar companions. A fraction of the gravitational potential energy is converted into X-rays, ionizing and heating the surrounding gas. The X-ray emission can be used to investigate the structure of the stellar wind in situ (Walter & Zurita Heras 2007) .
Vela X-1 (=4U 0900−40) is a classical persistent and eclipsing super-giant High Mass X-ray Binary (sgHMXB). The system consists of an evolved B 0.5 Ib supergiant (HD 77581) and of a massive neutron star (M NS = 1.86 M ; Quaintrell et al. 2003) . The neutron star orbits its massive companion with a period of about 8.9 days, in a circular orbit (e ≈ 0.09; Bildsten et al. 1997 ) with a radius of α =1.76 R * . The stellar wind is characterized by a mass-loss rate of ∼ 4 × 10 −6 M yr −1 (Nagase et al. 1986 ) and a wind terminal velocity of υ ∞ ≈ 1700 km s −1 (Dupree et al. 1980) . The X-ray luminosity is typically ∼ 4 × 10 36 erg s −1 , although high variability can be observed (Kreykenbohm et al. 1999) .
Recent studies on the hard X-ray variability of Vela X-1 have revealed a rich phenomenology including flares and short off-states (Kreykenbohm et al. 2008) . Both flaring activity and off-states were interpreted as the effect of a strongly structured wind. Fürst et al. (2010) characterized the X-ray variability of Vela X-1 with a log-normal distribution, interpreted in the context of a clumpy stellar wind. Off-states have been interpreted (Kreykenbohm et al. 2008) as an evidence for the propeller effect (Illarionov & Sunyaev 1975) , possibly accompanied by leakage through the magnetosphere (Doroshenko et al. 2011) . The quasispherical subsonic accretion model (Shakura et al. 2012 (Shakura et al. , 2013 ) is an alternative, predicting that the repeatedly observed off-states in Vela X-1 are the result of a transition from Compton to radiative cooling (higher and lower luminosity, respectively).
In this paper we present new results from 2-D hydrodynamic simulations of Vela X-1 and conclude that the observed phenomenology can be explained qualitatively without intrinsic clumping or the propeller effect. The code and the simulations are described in Sect. 2. The simulation results are presented and compared to observations in Sect. 3, and discussed in Sect. 4 and 5.
Hydrodynamic Simulations

The hydrodynamic code
The motion of the fluid is described by the Euler equations assuming mass, momentum, and energy conservation. The internal energy in each cell is described by the first law of thermodynamics. The following set of equations are therefore solved in a fixed, non-uniform mesh:
(1)
where we used ∂ t = ∂/∂t. The primary variables of the simulations (the mass density ρ, gas pressure P, and fluid velocity u) A. Manousakis and R. Walter: Origin of the X-ray off-states in Vela X-1 are completed by the total energy E = 1 2 ρu 2 + ρe and the force F, accounting for the Roche potential and the line driven force (see Sect. 2.2). The specific internal energy (e) is related to the pressure through the equation of state, P = ρe(γ − 1), where γ = 5/3 is the ratio of specific heats.
The VH-1 1 hydrodynamic code is described in detail in Blondin et al. (1990 Blondin et al. ( , 1991 . The simulations of Vela X-1 take into account the gravity of the primary and of the neutron star, the radiative acceleration (Castor et al. 1975, CAK hereafter) of the stellar wind of the donor star, and the suppression of the stellar wind acceleration due to high ionization within the Strömgren sphere of the neutron star. The parameters are listed in table 1.
The equations are solved in the orbital plane of the corotating reference system, where the lateral extent (θ component) of the spherical mesh is only one cell. We have also assumed a circular orbit and a synchronous rotation. The code uses the piecewise parabolic method for shock hydrodynamics developed by Colella & Woodward (1984) .
A computational mesh of 900 radial by 347 angular zones, extending from 1 to ∼ 25 R * and in angle from −π to +π, has been employed. The grid is built in a non-uniform way in order to allow for higher resolution (up to ∼ 10 9 cm) towards the neutron star and centred on the center of mass.
The initial wind density, velocity, pressure and CAK parameters of the 2D simulartion are set by the results of a 1D CAK/Sobolev simulation (also extending up to 25 R * ) of a single star and resulting in the standard β ≈ 0.8 velocity law. In the binary potential, the wind takes a few days of simulation to relax and find a new equilibrium. The first 3 days of the simulations are therefore excluded from the variability analysis.
The wind reaching the radial outermost part of the mesh is characterized as an outflow boundary condition i.e. it leaves the simulation domain. We also assume that the wind entering the cell representing the surface of the neutron star is completely accreted, leaving an (almost) zero density and pressure. The matter falling from the surrounding cells is therefore in free fall (Hunt 1971; Blondin & Pope 2009 ).
The time step of the simulations is ∼ 1/10 sec and the variables of each cell are stored for each step. The code also calculate the ionization parameter (ξ = L X /nr 2 ns , where n is the number density at the distance r ns from the neutron star; Tarter et al. 1969 ) and the instantaneous mass and angular momentum accreted (Ṁ acc ) on the neutron star. The code was run for about 30 days, i.e. more than three orbits. This is enough for the wind to reach a stable configuration and to study its short time scale variability.
Stellar wind acceleration
The winds of hot massive stars are characterized observationally by the wind terminal velocity and the mass-loss rate. The velocity is described by the β-velocity law, υ = υ ∞ (1 − R * /r) β , where υ ∞ is the terminal velocity and β is the gradient of the velocity field. For supergiant stars, values for wind terminal velocities and mass-loss rates are in the range υ ∞ ∼ 1500 − 3000 km s −1 andṀ w ∼ 10 −(6−7) M yr −1 , respectively (Kudritzki & Puls 2000) .
The stellar winds of massive supergiant stars are radiatively driven by absorbing ultraviolet photons from the underlying pho-1 http://wonka.physics.ncsu.edu/pub/VH-1/ tosphere. To properly simulate the radiation force driving the stellar wind, we used the CAK/Sobolev approximation:
where L * is the stellar luminosity, σ e is the electron scattering coefficient (≈ 0.33 cm 2 g −1 ) and u th is the thermal velocity of the gas. The parameters CAK-k and CAK-α are constants and correspond to the number and strength of the absorption lines, respectively (Castor et al. 1975) . The effect of finite disk correction (Friend & Abbott 1986 ) has been accounted through the factor
where σ = dln u dln R − 1 and
, where R and u are the radial distance and velocity, respectively. The finite disk correction produces a shallow β ≈ 0.8 velocity law, corresponding to the observations, rather than a steeper β ≈ 0.5. The wind parameters, including the density at the bottom of the donor star atmosphere (ρ 0 ), and the resulting mass-loss rate and wind terminal velocity are listed in table 1.
The radiation force is known to be unstable (Owocki & Rybicki 1984) , generating inhomogeneities and clumps (Owocki et al. 1988; Sundqvist & Owocki 2013) . In a close binary system the neutron star is a driver of the hydrodynamics and models combining binarity and intrinsic instabilities are still to be developed. Wind Parameterṡ
The radiative acceleration of the wind is suppressed in case of X-ray photo-ionization. The effects of the X-ray radiation on the radiative acceleration force are complicated due to the large number of ions and line transitions contributing to the opacity (Abbott 1982; Stevens & Kallman 1990 ). Detailed NLTE wind models of the envelope of Vela X-1 shows the existence of a photoionized 'bubble' around the neutron star filled with stagnating flow (Krtička et al. 2012) .
Assuming that the gas is in ionization equilibrium, the ionization state can be estimated with the ξ parameter (Fransson & Fabian 1980; Blondin et al. 1990 ). In our simulations we have defined a critical ionization parameter (ξ > 10 2.5 erg cm sec −1 ) above which most of the elements responsible for the wind acceleration (e.g., C, N, O) are fully ionized (Kallman & McCray 1982) and the radiative force becomes negligible (F rad = 0 in Eq. 4). The main effect of the ionization is the reduction of the wind velocity in the vicinity of the neutron star and therefore the enhancement of the mass accretion rate onto the compact object (further increasing the effect). The outcomes of our simulations are not significantly affected by small variations (∼ 20%) of the critical ionization parameter. However, larger variations (order of magnitude) significantly changes the hydrodynamics. The suppression of the acceleration also triggers the formation of a dense wake at the rim of the Strömgren zone (Fransson & Fabian 1980) , and has an impact on the absorption at late orbital phases. X-ray ionization can also affect the thermal state of the wind through X-ray heating and radiative cooling. Such effects are not included in our simulations.
Results
The observed hard X-ray light-curves of Vela X-1 were obtained form the INTEGRAL (Winkler et al. 2003 ) soft γ-ray imager ISGRI (Lebrun et al. 2003) in the 20-60 keV energy band and from the PCA (Jahoda et al. 2006 ) detector on board RXTE in the 10-50 keV energy band (lower energies were excluded not to be affected by the variable absorption). The light-curves were obtained using the HEAVENS 2 interface (Walter et al. 2010 ). The temporal resolutions of the ISGRI and PCA lightcurves are ∼ 40 mins and 1 min, respectively. We excluded data obtained during eclipses, using the orbital solution derived from Kreykenbohm et al. (2008) .
The simulated X-ray lightcurve has been obtained from the instantaneous mass accretion rate (L acc = ηṀ acc c 2 ), using a radiative efficiency of η ≈ 0.1. Figure 1 shows a fraction of the simulated light-curve. A number of off-states can be observed as well as flares reaching > ∼ 10 37 erg s −1 . Figure 3 shows a zoom on one of the off-states, where the light-curve has been convolved with a sinusoidal of period of 283 sec to account for the spin of the Vela X-1 pulsar. The properties of the simulated lightcurve and its comparison with the observations are described in the next sub sections.
Luminosity distributions
We have constructed histograms of the observed and simulated luminosities using the complete sample available (excluding the first 3 days of the simulations and the eclipses from the observations). The observed luminosity were derived from the Xray count rates and responses assuming a distance of 1.9 kpc (Nagase 1989) , while η was adjusted to the value of 0.107 in order to match the averaged luminosity of the simulation to the observed ones. The histograms are characterized by a peak at ∼ 4 × 10 36 erg s −1 (Fig. 2) and normalized to the same maximum amplitude for comparison.
The two histograms derived from the observations are very similar and shaped as a log-normal distribution with a low luminosity tail. The log-normal standard deviation is σ ≈ 0.23. The histogram of the 30 minutes binned simulated light-curve is characterized by a narrower distribution (σ = 0.18), however more realistic simulations (e.g., including 3D, heating, cooling and clumping effects) may generate more turbulence and match better the observations. Note that the histogram of the un-binned 2 http://www.isdc.unige.ch/heavens simulated lightcurve shows increased excess (by 25%) at low luminosity (Log L X ∼ 35.5).
Off states
The simulated light-curves feature a large number of off-states. We defined an off-state when the instantaneous X-ray luminosity dropped below 1/10 of the average luminosity, i.e. L o f f < ∼ 4·10 35 erg s −1 ≈ 0.1 L X , which is approximately the sensitivity limit of ISGRI in 20 sec. Figure 4 shows the density maps and the velocity contours before and during an off-state. The velocity contours are shown for the radial and angular velocities (upper and lower panels, respectively). As the bow shock on the left of the neutron star expands, the mass-accretion rate decreases and an off-state occurs. The typical size of the bubble sustained by the shock is of the order of 10 11 cm. Inside the density drops at least by a factor of ∼ 10 when compared with the time-averaged density. This reduced density leads to the chop of the X-ray emission. The duration of the off-state varies with the size of the bubble. Figure 5 shows the distribution of the duration of the offstates in the simulated light-curve. The typical duration of most of the off-states is about 30 minutes and ranges from 10 minutes to about two hours. Although the number of observed off-states is small, all of them lasts for between 5 and 30 minutes which coincides well with the simulations.
Flaring activity
In addition to the off-states we identified prominent flares during the simulations. The flares could reach luminosity up to L f lare > ∼ 10 37 erg s −1 for a duration of ∼ 5 − 30 minutes. terms of dynamical range with the flares of Vela X-1 observed by INTEGRAL (Kreykenbohm et al. 2008 ) however they are usually shorter, explaining why the luminosity distribution is narrower (see Fig. 2 ). We identified 8 such flares (L X > 10 37 erg s −1 ) in the 30 days simulation while Kreykenbohm et al. (2008) detected 5 flares during an observation of about two weeks.
Quasi-Periodicity
Although the simulated light-curve lacks any periodic signal, we can identify a likely quasi-periodic behaviour related to the spacing of off-states. Figure 6 shows the histogram of the time intervals between successive off-states. The distribution peaks in the range 6500-7000 sec, close to the transient period of ∼ 6800 sec detected with INTEGRAL by Kreykenbohm et al. (2008) during ∼ 10 hours. The off-states labelled 1, 2, 3 and 5 in Kreykenbohm et al. (2008) , which reach less than 10 ct/s, are within ∼ 0.1 in phase of the minima of the extension of the modulation mentioned earlier. It is therefore plausible that the observed off-states and modulations are the signature of a single physical mechanism driving the variability. In our simulations, these modulations last typically for 8 − 16 hours and repeat every few days. Some signal is also detected at multiples of that period suggesting that the density of the bubbles does not always reach the threshold we have defined for an off-state. A section of the simulated lightcurve featuring a very good coherence with the transient period of 6820 sec is shown in Fig. 7. 
Discussion
We have simulated the accretion flow in Vela X-1 with high spatial and temporal resolutions around the neutron star and found flares and off-states qualitatively in agreement with the observed ones. In particular off-states are regularly produced corresponding to an instability of the bow shock surrounding the neutron star.
In wind-fed HMXB systems ) the accretion flows are complex and characterized by episodic accretion (Soker 1990 (Soker , 1991 with an accreted angular momentum varying in direction and close to zero, on average. This is known as the 'flip-flop' instability (e.g. Matsuda et al. 1987; , interpreted by the formation of transient accretion discs (Blondin & Pope 2009) . We also observed the accreted angular momentum to change sign regularly in our simulations between flares and off-states but cannot characterize them with the usual 'flip-flop' instability as the characteristic duration of the variability is much shorter in our case and not linked to the formation of accretion discs.
Our simulations predicts the formation of low density bubbles behind the bow shock, around the neutron star, resulting in the X-ray off-states. These bubbles are ∼ 10 times larger than the Bondi-Hoyle-Lyttleton (BHL; see e.g., Edgar 2004) accre- This 'breathing' behaviour is not perfectly periodic nor continuous but can be observed most of the time in the simulation and is at the origin of the off-states. As the internal energy (pressure) of the low density bubble is a fraction (∼ 1/10) of the gravitational potential at the bow shock, the modulation period (∼ 6500 − 7000 sec) is comparable to the free-fall time (∼ 2000 sec) at this position. Neither the free-fall time from the BHL accretion radius (t f f ∼ 2 minute) nor from the magnetospheric radius (t f f ∼ 3 sec) are consistent with the observed modulation time-scale.
Modulations are also produced by recent idealized 3D BHL accretion simulations (Blondin & Raymer 2012) , although weaker than in the 2D case (Ruffert 1994 (Ruffert , 1997 (Ruffert , 1999 . The timescale of these modulations is related to the accretion radius and their amplitude is weaker than what we are observing. Krumholz et al. (2006) showed that the Bondi-Hoyle accretion of super-sonic turbulent gas has significant density enhancement when compared to the simple BHL formulation. They obtained a log-normal distribution of mass accretion rate, however much wider than what we found. The source of the turbulence is completely different in their case. The simulated log normal distribution features more low luminosity excess than observed. Passot & Vázquez-Semadeni (1998) found similar excesses in one dimensional simulations of highly compressible gas. It is unclear if the additional excesses have a physical meaning.
Reality is certainly more complex, indeed massive stars are known to have clumpy winds (Owocki et al. 1988; Dessart & Owocki 2003; Oskinova et al. 2006; Sundqvist & Owocki 2013 ) and a rich phenomenology might be produced (Walter & Zurita Heras 2007) . Clumpy wind scenarios can enhance the instabilities and reduce the X-ray luminosity for extended period of time, in the class of Super-giant Fast X-ray Transient (SFXT, Negueruela et al. 2006) . One dimensional studies of the influence of strong density and velocity fluctuations of the wind resulted in episodic X-ray variability, however too large to describe the observations (Oskinova et al. 2012) . The lack of multi-scale and multi-dimensional hydrodynamic simulations of macroscopic clumpy wind in a binary system does not yet allow to understand the interplay between intrinsic clumping and the various effects of the neutron star.
Conclusion
We compared hard X-ray light-curves of Vela X-1 obtained with RXTE and INTEGRAL with the predictions of hydrodynamic simulations.
The simulated light-curve is highly variable (see Fig. 1 ) as observed (Kreykenbohm et al. 2008) . The dynamical range of variability is of the order of ∼ 10 3 between off-states and the brightest flares. The X-ray luminosity is a direct probe of the instantaneous mass-accretion rate and of the density fluctuations around the neutron star. The duration of the off-states in our simulation (1 to 5 ksec) corresponds to the free fall time of low density bubbles building up behind the bow shock surrounding the neutron star.
The log normal flux distribution, resulting from the observations and from the simulation, is a characteristic result of self organised criticality (Bak et al. 1988; Crow & Shimizu 1988; Uttley et al. 2005 ). In our case the criticality condition is probably related to the direction of the bow shock and accretion stream that can lead or trail the neutron star. Oscillations between these positions lead to the succession of off-states, flares, and more generally to the near-log-normal flux distribution. The flares correspond to the accretion of a mass of ∼ 10 19 gr, much smaller than inferred for the clumps in the case of supergiant fast Xray transients (SFTXs, Bozzo et al. 2011; Walter & Zurita Heras 2007) , because the variability is driven by small scale instabilities in Vela X-1.
Our hydrodynamic simulations are sufficient to explain the observed behaviour without the need for intrinsically clumpy stellar wind or high magnetic fields and gating mechanisms. More advanced and realistic simulations, including such phenomena are needed to understand their interplay with the hydrodynamic effects of the neutron star and to reveal the full accretion phenomenology in classical sgHMXBs.
